Incomplete knowledge of environmental transformation reactions limits our ability to accurately inventory and predictably model the fate of radioiodine. The most prevalent chemical species of iodine include iodate (IO 3 − ), iodide (I − ), and organo-iodine. The emission of gaseous species could be a loss or flux term but these processes have not previously been investigated at radioiodine-impacted sites. We examined iodide methylation and volatilization for Hanford Site sediments from three different locations under native and organic substrate amended conditions at three iodide concentrations. Aqueous and gaseous sampling revealed methyl-iodide to be the only iodinated compound produced under biotic conditions. No abiotic transformations of iodide were measured. Methyl-iodide was produced by 52 out of 54 microcosms, regardless of prior exposure to iodine contamination or the experimental concentration. Interestingly, iodide volatilization activity was consistently higher under native (oligotrophic) Hanford sediment conditions. Carbon and nutrients were not only unnecessary for microbial activation, but supplementation resulted in >three-fold reduction in methyl-iodide formation. This investigation not only demonstrates the potential for iodine volatilization in deep, oligotrophic subsurface sediments at a nuclear waste site, but also emphasizes an important role for biotic methylation pathways to the long-term management and monitoring of radioiodine in the environment.
INTRODUCTION
Spent nuclear fuel reprocessing facilities are responsible for significant releases of 129 I, a longlived radioisotope of iodine, to the environment (Muramatsu and Ohmomo, 1986; Handl et al., 1993; Rao et al., 2002) . In fact, discharges stemming from fuel reprocessing far exceed those from weapons testing and accidental releases combined (Hou and Hou, 2012) . Major contributors to the global inventory of 129 I include the La Hague and Sellafield facilities in Europe, where an estimated 5,600 and 440 kg of 129 I have been released to the sea and atmosphere, respectively, as of 2008. Past nuclear production and fuel processing in the United States at the Department of Energy Hanford Site (1944 -1987) released approximately 266 kg of 129 I to the air and subsurface, resulting in over 1,500 acres of contaminated soil and groundwater plumes exceeding 50 km 2 at concentrations ranging from 40 to 4 pCi/L (Zhang et al., 2013; Kaplan et al., 2014) . Radioiodine has the lowest drinking water standard in the U.S. Federal Registry at 1 pCi/L, and thus will be a major environmental cleanup challenge for many locations that are directly affected by anthropogenic releases.
At the Hanford Site (located in southeastern Washington, USA) large volumes of processing waste, including stable ( 127 I) and radio-isotopes ( 129 I, 131 I) of iodine among other contaminants, were discharged to the ground through unlined ponds and infiltration units, resulting in widespread contamination of the deep vadose zone and saturated aquifer sediments (Gee et al., 2007; Kaplan et al., 2014) . There are three major chemical species of iodine in the environment: iodate (IO 3 − ), iodide (I − ), and organo-iodine. Iodine speciation is controlled by complex physico-chemical factors and microbial activities that strongly influence chemical behavior and mobility (reviewed by Kaplan et al., 2014 and Yeager et al., 2017) . For example, high levels of organic matter in the soils and sediments at Sellafield and Chernobyl (Hou et al., 2003) as well as the Savannah River Site (Xu et al., 2011) effectively sequester iodine species on solid phases in these systems (Schmitz and Aumann, 1995; Santschi and Schwehr, 2004; Xu et al., 2011; Li et al., 2017; Hao et al., 2018) . By contrast, sediments at the Hanford Site are naturally low in organic carbon (< 1 mg/L); thus, the minerology, specifically iron/ manganese oxides and calcium carbonates, as well as pH play a larger role in iodine speciation and sorption to subsurface sediments (Hu et al., 2005; Kerisit et al., 2018; Lawter et al., 2018) . Site-specific conditions have an important and differentiating impact on the biogeochemical cycling and fate of iodine in environmental systems (e.g., Zhang et al., 2013) , but the relative contribution of volatilization pathways at radioiodine-contaminated sites has not been investigated.
Studies of iodine speciation and mass flux at contaminated sites generally do not include quantitative metrics for microbial catalyzed formation of volatile I species. Iodine cycling has been most intensively studied in marine and coastal systems where iodine is naturally abundant (Whitehead, 1984; Fuge and Johnson, 1986) . Diverse algae, fungi, and bacteria have the innate capacity for volatilizing iodide as an organo-I compound(s), CH 3 I being the predominant product (Harper, 1985; Amachi et al., 2001 Amachi et al., , 2003 Manley, 2002; Redeker et al., 2004; Amachi, 2008; Duborská et al., 2017) . Annual production estimates of organo-I by marine macroalgae and phytoplankton are on the order of 10 9-10 g CH 3 I/year (Moore and Groszko, 1999) . Iodine volatilization could have important implications for the potential flux of 129 I to the atmosphere for sites within close proximity to coastal environments, like the Sellafield nuclear facility and the Fukushima-Daiichi nuclear power complex in Japan. Less relevant information is available for inland, terrestrial systems but a number of positive indicators imply that the sediments in the capillary fringe at the Hanford Site could be conducive to iodine methylation. First, reactive Fe and Mn mineral fractions in unsaturated Hanford sediments have been shown to affect the distribution of U, Tc, and Cr valence species (Fredrickson et al., 2004; Zachara et al., 2007) ; thus, it is conceivable that this reduction capacity would transform iodate to iodide (Hu et al., 2005; Xu et al., 2015) . Second, studies have shown that iodide methylation persists under oligotrophic conditions, like those at Hanford; and third, a positive correlation has been established between methylation activity and environmental concentrations of iodine (stable I 127 ).
The potential for iodine volatilization at nuclear impacted sites with 129 I contamination has not been systematically evaluated but this pathway could have important implications for the long-term management of legacy waste sites.
The goal of this investigation was to measure the capacity of 129 I impacted Hanford sediments to methylate and volatilize iodide as a first step in evaluating whether a volatilization pathway could be a controlling factor on the fate and distribution of iodine in subsurface sediments. This study establishes a new level of understanding of subsurface microbial features and activities that can contribute to the flux of iodine between the vadose zone (gas phase) and groundwater (liquid phase).
EXPERIMENTAL Hanford Sediments
Microcosms were prepared from sediments taken from two Hanford subsurface cores that were drilled in 2017 and held in 4°C storage for preservation ( Table 1) . Contaminated sediments originated from a core collected in the UP-1 radioiodine plume located on the central plateau region of the Hanford Site. Specific depth intervals were sampled for low radioiodine sediments (275′ depth; < 3.0 μg/L 129 I) and high-radioiodine sediments (317′ depth, 10 μg/L 129 I). Background sediments (ZP-1) were cored outside the perimeter of the contaminant plume; sediments from 198′ depth were used for microcosms. Stable iodine ( 127 I) was discharged along with radioiodine ( 129 I) at the Hanford Site; thus, impacted sediments do contain both isotopes. It is generally assumed that concentrations of 127 I can exceed 129 I by 2-3 orders of magnitude.
Bacterial Enumeration by QPCR
Genomic DNA was extracted from Hanford sediments (0.25 g) using the DNeasy PowerLyzer PowerSoil ® DNA Isolation Kit per the manufacturer's instructions. DNA extracts were pooled and concentrated by ethanol precipitation in high salt with GlycoBlue ™ Coprecipitant (50 μg/ml; Ambion). DNA yields were quantified using the NanoDrop 1000 spectrophotometer (Thermo Scientific). QPCR assays were performed in triplicate on a Bio-Rad CFX96 Real-Time PCR Detection System using the SsoAdvanced ™ Universal SYBR ® Green Supermix (Bio-Rad) as instructed by the manufacturer and universal 16S rRNA gene primers spanning the V2-V3 hypervariable region (Fuks et al., 2018) . Amplification specificity was assessed by melt curve analysis. Cell equivalents were calculated from calibration curves using pure genomic DNA from Desulfovibrio vulgaris (DSM-644) and Geobacter metallireducens (DSM-7210) as described by He et al. (2003) . 
Experimental Microcosms
Hanford sediments (5 g) were aseptically weighted into sterile 160 ml serum bottles and combined with filter-sterilized synthetic groundwater to simulate saturated (1:4 ratio of sediment to synthetic groundwater). To measure the effect of organic substrate amendment on iodine volatilization, glucose and yeast extract were added to microcosms at 1 mM (final concentration) and 20 g/L, respectively. Abiotic controls included sediments that were "heat killed" at 100°C for 60 min, and native controls constituted sediments incubated "as-is" without the addition of any synthetic groundwater. Microcosms were spiked with a potassium iodide stock solution to achieve a final added I − concentration of 0, 150, 200, and 250 μg/L. All experimental treatments were performed in triplicate. Resazurin was added to all bottles (1 mg/L final concentration) to monitor relative changes to the redox potential as a function of treatment conditions and incubation time. Bottles were fitted with a sterile butyl rubber stopper, crimp sealed, and incubated in the dark at 28°C for 40 days.
Gas Phase Analysis
Headspace gas analysis was performed using an Agilent GC-MS system in selected ion monitoring mode (SIM). Iodinated organic standards were prepared with analytical grade chemicals (iodomethane, iodoethane, and 1-iodopropane) at 2, 10, 50, 100, and 200 μg/L. Controls and experimental microcosms were heated at 70°C for 30 min prior to headspace analysis. Samples were collected using a gas-tight syringe and separated on a GasPro 60 m PORAPLOT column held initially at 40°C, for 4 min and then to 220°C at a ramp rate of 20°C/min and held for 5 min.
Aqueous Phase Analysis
Solvent extracted aqueous phase samples were analyzed by GC-MS/MS (Agilent 7890B GC, Agilent 7000C triple quad MS/MS) in SIM mode. Iodinated organic standards were prepared with analytical grade chemicals (Iodoethane, 1-Iodopropane, 2-Iodopropane, 2-Iodobutane, 2-Iodo-2-methylpropane) at a range of concentrations. Post-incubation, synthetic groundwater was separated from Hanford sediments in the controls and experimental microcosms by centrifugation (1,000 g for 20 min) and extracted with methylene chloride (2 ml) for 12 h at room temperature by continuous mixing. The methylene chloride phases were analyzed on a HP-5MS 50 m × 200 μm × 0.33 μm GC column operated at an initial temperature of 50°C for 3 min, ramped to 250°C at 10°C/min and held for 4 min, and finally ramped to 300°C at 20°C/min to 300°C and held for 0.5 min.
RESULTS AND DISCUSSION
The purpose of this study was to evaluate the potential for iodide volatilization at a former nuclear production and processing facility where 129 I contamination persists in subsurface sediments and groundwater. The microbiological response to incubation in synthetic groundwater was rapid, confirming the viability of the Hanford sediments used in these experiments. Resazurin added to the synthetic groundwater was reduced from blue to pink in all of the biologically active experimental microcosms within 5 days of static incubation (28°C, dark), while the dye remained oxidized (blue) in the abiotic (heat killed) and baseline (no groundwater added) controls for the duration of the experiment (40 days). While qualitative, these results demonstrate the ability of the soil microbiome to quickly activate respiration in response to soil wetting. Microbial cell densities were estimated from original sediments by QPCR to be 2.24 × 10 7 (± 0.1, standard deviation) 16S rRNA gene equivalents/gram for the no 129 I containing ZP-1 sediment, 1.27 × 10 6 (± 0.05 SD) 16S rRNA gene equivalents/gram for the low 129 I (1.0 μg/L 129 I) UP-1 sediment, and 2.79 × 10 5 (± 0.1 SD) 16S rRNA gene equivalents/gram for the high 129 I (10 μg/L 129 I) UP-1 sediment ( Table 1) .
Methyl-iodide was produced by nearly all (52 out of 54) of the sediment microcosms that were spiked with a I − (from KI) stock solution, regardless of prior exposure to radioiodine contamination or the experimental treatments conducted in the laboratory. No other gaseous iodine compounds were detected. Only two microcosms, both derived from no 129 I containing ZP-1 sediments but different treatments, failed to produce methyl-iodide by the end of the 40-day incubation period. Methyl-iodide was not detected in the heat-killed abiotic control sediments, suggesting that methyl-iodide was being produced microbiologically. This unanimous result is consistent with numerous studies that have shown that iodine volatilizing bacteria are ubiquitous in soils and sedimentary environments (Amachi et al., 2001; Yeager et al., 2017) , but the yields reported here are considerably higher than previous reports for natural environments. Overall, methyl-iodide yields did not differ significantly (t-test, p > 0.05) between sediments based on prior exposure to 129 I or experimental concentration of KI − ( Table 2) . These results are inconsistent with previous reports that have shown a positive correlation between iodine volatilization and concentration (e.g., Yoshida and Muramatsu, 1995; Redeker et al., 2000; Amachi et al., 2001; Dimmer et al., 2001) . The source of these inconsistencies could be a system-specific feature(s) that differs from shallow terrestrial and marine soils, a response to the low concentrations of spiked iodide used here relative to other published studies, or possibly due to interference by background 127 I in these sediments. Considerable levels of 127 I were co-disposed with 129 I to the subsurface at the Hanford Site. Only 129 I values were reported for these sediments, no data were available for 127 I. Elevated concentrations of total iodine ( 127 I and 129 I) in the samples could help explain the high production yields of methyl-iodide across all three sediments; reinforcing the hypothesis that iodine contamination primes the subsurface microbial community for iodine methylation and volatilization. Additionally, background 127 I would also contribute to the high transformation efficiencies calculated in Table 3 . These studies do not provide unequivocal evidence that iodine volatilization is occurring in the Hanford subsurface, but an averaged experimental conversion of >60% of the total iodide mass to methyl-iodide underscores a tremendous potential that could be significant depending on the temporal and spatial scales of activity in situ.
Surprisingly, methyl-iodide yields were significantly higher under native (oligotrophic) Hanford sediment conditions (Table 4; Figure 1) , indicating that iodide methylation and volatilization activity did not require nutrient supplementation for activation or stimulation. Methyl-iodide yields were consistently higher in 200-ZP-1 (No 129 I) and UP-1 (High 129 I) microcosms that did not receive glucose and yeast extract supplementation compared to those that did ( Table 4 ; Student's t-test p < 0.05). By contrast, methyl-iodide production in the 200-UP-1 (Low 129 I) microcosms was less responsive to nutrient addition; activity was significantly suppressed for only one of the I − concentration treatments (Figure 1) . These results diverge from published studies on rice paddy soils where glucose and yeast extract supplementation stimulated biological emission of methyl-iodide (Amachi et al., 2003) . The suppression of methylation activity may provide some clues about the microbes that are contributing to iodine emission in Hanford sediments. Many studies have demonstrated the ability of diverse terrestrial bacteria and fungi to methylate iodide (Harper, 1985; Amachi et al., 2001 Amachi et al., , 2003 Redeker et al., 2004; Duborská et al., 2017) . While these studies were not exhaustive and strain-specific differences are apparent; we can draw the generalization that methyl-iodide formation by bacteria is stimulated by the availability of a carbon substrate, while production is suppressed in fungi (Harper, 1985; Amachi et al., 2001 Amachi et al., , 2003 Redeker et al., 2004; Duborská et al., 2017) . Applying this pattern to the results for the ZP-1 (No 129 I) and UP-1 (Hi, 10 μg/L 129 I) microcosms, we would hypothesize that fungi could play an important role in iodide methylation in these subsurface sediments (Figure 1) . The results are less straightforward for the UP-1 (Lo 1 ug/L 129 I) microcosms, and may reflect a more dynamic microbial community response (e.g., Amachi et al., 2001 Amachi et al., , 2003 . More detailed investigations are needed to decipher the relative contributions of bacteria and fungi to iodide volatilization in this system, as well as to characterize the geochemical conditions that coincide with methyl-iodide formation. Keppler et al. (2000) demonstrated that abiotic reaction mechanisms in sediments can be a significant source of halogenated alkanes, including methyl-iodide. Here, no methyliodide was detected from microcosms prepared with heat-killed sediments, confirming microbiological methylation of iodide. These controls do not discount the possibility of abiotic reactions completely, though, because heat inactivation could alter mineral structures and, potentially, the reactivity of the sediments. The proposed mechanism for abiotic methylation couples the oxidation of natural organic matter to a redox metal mediator for the methylation of iodide (Keppler et al., 2003; Allard et al., 2010) . It is noteworthy that relatively high concentrations of reactants (mM levels of Fe, I − and > 6% OC) were required to produce pM quantities of iodo-alkanes experimentally. Not only would these conditions be highly atypical in deep subsurface Hanford sediments (sub-μM levels of Fe, I − and < 0.1% OC) but the basic pH of the system does not favor abiotic methylation reactions. The yields we report for the biotic formation of methyl-iodide are three orders of magnitude higher than those reported for abiotic processes under ideal conditions Heat-killed, abiotic controls 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 Student's t-test was used to test for statistical significance (p < 0.05), and is indicated by "*." (Keppler et al., 2003) ; we therefore conclude that abiotic pathways for the production of methyl-iodide are most likely insignificant sources in the Hanford subsurface.
To the best of our knowledge, this is the first investigation to unequivocally demonstrate the methylation and volatilization of iodide by deep terrestrial subsurface microbial communities inhabiting radioiodine-contaminated sediments at a nuclear waste site. This study does not provide in situ rates of methyliodide production, but clearly demonstrates the iodide methylation could have an important influence on the fate and distribution of iodine in the Hanford subsurface. We would anticipate that iodide methylation activity would be most prevalent at the capillary fringe where a supply of iodide and oxygenated groundwater converge in sediments that harbor a high standing stock of viable microbial biomass capable of emitting methyl-iodide. Biotic volatilization of iodide from the groundwater (liquid phase) to the vadose zone (gas phase) could have important implications for the remediation and long-term stewardship of 129 I impacted sites, but more detailed investigations are needed to quantify the spatiotemporal magnitude of this pathway in situ. FIGURE 1 | Iodomethane production from Hanford subsurface sediments. Bar graphs show averaged (± standard deviation) iodomethane production among experimental triplicates. Black bars indicate sediment microcosms that only received synthetic groundwater. Gray bars indicate sediment microcosms that received synthetic groundwater, glucose (1 mM), and yeast extract (20 g/L). Student t-tests were used to determine statistical significance (p < 0.05, indicated by "*") in iodomethane production between treatments.
